Synthetic substrates that mimic the properties of extracellular matrix proteins hold significant promise for use in systems designed for tissue engineering applications. In this report, we designed a synthetic polymeric substrate that is intended to mimic chemical, mechanical, and topological characteristics of collagen. We found that elastomeric poly(ester amide) substrates modified with replica-molded nanotopographic features enhanced initial attachment, spreading, and adhesion of primary rat hepatocytes. Further, hepatocytes cultured on nanotopographic substrates also demonstrated reduced albumin secretion and urea synthesis, which is indicative of strongly adherent hepatocytes. These results suggest that these engineered substrates can function as synthetic collagen analogs for in vitro cell culture.
Introduction

B
iomaterial development has become a substantial component in tissue engineering. The primary drivers for this thrust have been the pursuit of cell-biomaterial interactions that induce appropriate interactions to promote attachment, enhance cell function, or both. Hepatic tissue engineering is of particular interest for a variety of applications, including bioartificial liver optimization, in vitro toxicity models, 1 and cell-based therapeutic tissue engineering devices. 2 A wide variety of natural 3 and synthetic biomaterials have been engineered and synthesized with the goal of recapitulating native hepatocyte behavior in vitro. Engineering natural materials has focused primarily on novel methods for production and purification of native extracellular matrix (ECM) proteins such as collagen. [4] [5] [6] ECM proteins support cell attachment and incite a variety of functions in many cells types, including hepatocytes. 3, 7 However, natural ECM proteins have a limited range of properties, are subject to difficult bulk material processing, and have the potential to induce potentially dangerous immune responses when used as xenografts or allografts. 8 Natural protein extraction and purification directly from tissues also leads to significant batch-to-batch variations. 9 These variations can lead to unpredictable cell behavior, which can impact performance of cell-based tissue-engineered devices for therapeutic and drug discovery applications. 1 Synthetic peptide biomaterials produced through recombinant DNA and protein engineering strategies have been introduced as a possible means to overcome these limitations in natural peptides. 10 Although protein-based biomaterials have shown promise in achieving native-like properties through synthetic polypeptide sequences, 11 materials synthesis and production is very costly due to the dependence upon recombinant microbial hosts for synthesis and subsequent purification steps. Numerous biodegradable, synthetic thermoplastic, thermoset, and photocrosslinkable polyesters have been developed for tissue engineering applications. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Although these materials can be synthesized in large batches, most of these materials lack sufficient physicochemical properties to induce native cell function. Hence, synthetic biomaterial systems typically rely on a variety of surface treatment techniques to improve cellbiomaterial response, including protein coatings, 23 physical modification, 24 chemical modification, 25 and biotinylated conjugates to enhance adhesion. 26 We hypothesized that an entirely synthetic biomaterial could be engineered to promote attachment and native function of primary hepatocytes, a difficult cell to culture in vitro.
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The rationale behind synthesis was aimed at the biomimicry of surface chemistry and nanotopography of native collagen films. Collagen molecules are primarily composed of repeating polypeptide sequences with amide linkages. 28 Although the physical dimensions of individual molecules is 300 nm in length and 1.5 nm in width, 29 these individual molecules can form fibrils that extend for tens of microns in length and have diameters between 260 and 410 nm. 30 This report explores the recapitulation of native nanotopography in synthetic biodegradable elastomers for use as a substrate for primary hepatocyte culture. Poly(ester amide) elastomers were chosen as a platform material because they contain chemical moieties and mechanical properties that are similar to that of native amorphous collagen fibrils. Poly(ester amide) substrates were nanofabricated to produce pillar geometries of approximately 400 nm in width to mimic the length scale of native topographical features in the synthetic polymer system. Nanotopographic poly(ester amide) substrates were found to enhance the attachment and spreading of primary hepatocytes. The morphology and metabolic function of hepatocytes cultured on nanotopographic poly(ester amides) was found to approach that of hepatocytes cultured on collagen films.
Materials and Methods
Preparation of nanofabricated silicon masters
All chemicals were acquired from Sigma (St. Louis, MO) and used as received unless otherwise stated. Photolithographic and plasma etching techniques were utilized to produce negative-mold silicon masters for use in replica molding in a similar manner to that used to produce poly (di-methylsiloxane) (PDMS). 31 Four-inch-diameter silicon wafers were oxidized for 10 h at 11008C in atmospheric pressure oxygen at 50 standard cubic centimeters per minute flow rate (sccm), and hydrogen (30 sccm) to grow an oxide layer of 2 mm. The oxide layer thickness was measured with Filmetrics F20 and F50 spectral reflectometers. Silicon wafers with oxide layer were baked at 1108C to dehydrate their surface and spin-coated with hexamethyldisilazane (HMDS) at 5000 rpm for 10 s to promote resist adhesion. Photoresist (Shipley 1805) was then spin-coated (EVG101) on the wafers at 3500 rpm for 20 s. The wafers were then soft-baked on a hotplate at 1158C for 1 min to yield a resist film thickness of approximately 500 nm. Resist exposure was done with a Karl Suss MA-6 contact aligner with an exposure dose of 96 mJ=cm 2 , and the resist was developed for 45 s in Shipley MF-319 developer followed by a 3-min rinse in deionized water and spin drying. Wafers were etched using a silicon ICP etch process using SF 6 =Ar in a VLR-700 (Surface Technology Systems (STS), Newport, South Wales, UK) using etch-passivation cycles, plasma ashed, and cleaned in preparation for replica molding using photomesh patterns obtained from MEMS Exchange (Reston, VA). The remaining photoresist was stripped in a series of acetone, isopropanol, and methanol rinses. Micromachined silicon masters were cleaned using piranha solution (Mallinckrodt, St. Louis, MO) and plasma cleaned (March, St. Petersburg, FL) at 250 mT and 100 W for 120 s. Wafers were then passivated using the STS etcher with only SF 6 gas for 30 s to create a hydrophobic layer to enhance release of replica-molded substrates. Wafers were rinsed with methanol immediately before replica molding of polymers.
Replica molding of poly(ester amide) elastomers
Poly(1,3-diamino-2-hydroxypropane-co-polyol sebacate) (APS) prepolymers were synthesized as previously described. 32 A poly(1,3-diamino-2-hydroxypropane-co-gycerol sebacate) (2:1 ratio of 1,3-diamino-2-hydroxypropane: glycerol) and a poly(1,3-diamino-2-hydroxypropane-co-D, L-threiotol sebacate) (2:1 ratio of 1,3-diamino-2-hydroxypropane:threitol) were selected for use in hepatocytebiomaterial interaction studies. The notation of these two elastomeric substrates was selected as 2DAHP-1G and 2DAHP-1T, respectively. This was selected to indicate the 2:1 ratio of 1,3-diamino-2-hydroxy propane (DAHP) to glycerol (G) and the 2:1 ratio of DAHP to threitol (T), respectively. The prepolymer was allowed to cool and stored at room temperature in a desiccate environment until further use. The replica molding process is shown in Figure 1 . Approximately 3.5 AE 0.05 g per 20 cm 2 of APS prepolymer was melted at 1708C and applied to wafers for replica molding and smooth sheet formation. The polymer was cured at 1708C for 48 h under a vacuum of 50 mT, which produced firm, highly cross-linked, elastomeric APS polymer films of approximately 500 mm in thickness. APS polymers were statically incubated in a double distilled (ddH 2 O) bath at 708C for 24 h to induce delamination. The APS substrate was then serially placed in solutions consisting of 100% ethanol (Pharmco, Brookfield, CT) for 24 h, 70% (v=v) ethanol in ddH 2 O for 2 h, 35% (v=v) ethanol in ddH 2 O for 2 h, and 100% (v=v) ddH 2 O for 24 h. APS polymers were dried at 708C for 24 h and autoclaved and dried for 20 min each. The substrates were then irradiated with UV in a laminar flow hood for 15 min and incubated at 378C for 1 h before cell seeding. 
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Preparation of collagen substrates
Collagen-coated PDMS was chosen as the control biomaterial. PDMS (Dow Sylgard 184; Essex Chemical, Clifton, NJ) was chosen as a base material due to ease of fabrication, optical clarity to facilitate characterization, and similar Young's modulus to APS polymers. 33 Briefly, substrates were plasma cleaned (PDC-001; Harrick Scientific, Pleasantville, NY) for 300 s at 80 W RF power with atmospheric gas at 250 mT. A 50 mg=mL solution of collagen I from rat tail in PBS (Sigma) was immediately adsorbed onto the surface and incubated for 2 h at 378C.
Substrate characterization
Surface topology of nanofabricated substrates was determined using both optical microscopy and scanning electron microscopy (SEM). Hydrated and dehydrated APS substrates were imaged using optical microscopy (Nikon Imaging, Melville, NY). Dehydrated APS substrates were imaged by SEM by undergoing a dehydration bake at 708C for 15 h followed by sputter coating with gold=palladium using a Cressington 108 Auto sputter coater for 36 s. This process deposited a 30-45-nm-thick conductive film to eliminate charging of the sample (Cressington Scientific Instruments, Cranberry Twp, PA).
Primary hepatocyte isolation and seeding
Primary rat hepatocytes were isolated using a two-step collagenase digestion as previously described. 34 Briefly, adult male Lewis rats were anesthetized, and then prepared and draped in a sterile environment. After a midline incision was made, the infrahepatic inferior vena cava was cannulated with a 16-gauge angiocath (Critikon, Tampa, FL). The suprahepatic inferior vena cava was then ligated, and the portal vein was incised to allow for retrograde efflux. Blood within the liver was washed out with an isotonic saline solution. The ECM was digested with a 0.10% type II collagenase solution (Worthington Biochemical, Lakewood, NJ). The liver was excised and mechanically agitated, resulting in a single-cell suspension. Viable hepatocytes were isolated from cellular debris and nonparenchymal liver cells by differential sedimentation at 48C at 50 g. Hepatocyte number and viability were determined by trypan blue exclusion. Cells were resuspended in serum-free hepatocyte growth medium. Hepatocytes were then immediately seeded on untreated APS and collagen substrates at a density of approximately 200,000 cells=cm 2 in serum-free medium. Cells on substrates were incubated at 378C and 5% CO 2 at 95% relative humidity. Cells were cultured in serum-free medium for the first 24 h to prevent serum proteins from interfering with cell-substrate interactions, rinsed once with DPBS, and replaced with serum-containing medium.
Characterization of cell-biomaterial response
Cell density was characterized by calculating cell density at 24, 72, 120, and 168 h time points by cell counting at 10 representative regions per well (Nikon Eclipse TE2000-U; Nikon Imaging). Initial cell attachment was calculated by normalizing cell density at 24 h with that of the cell density of the collagen substrate. Cell adhesion was calculated by assessing the relative attachment per condition at 120 h versus 24 h. Cell attachment and adhesion was calculated across three independent experiments (n ¼ 18 in total). Cell morphology was characterized after 24 h by light microscopy and scanning electron microscopy. Cell areas were calculated by measuring at least 150 cells per condition across two independent experiments using AxioVision software (Zeiss Imaging, Thornwood, NY). Cell samples selected for SEM imaging were fixed using Accustain formalin-free fixative (Sigma). The samples were rinsed thrice in DPBS and immersed in solutions of 25%, 50%, 75%, and 90% (v=v) ethanol in ddH 2 O for 5 min each. The samples were then immersed in 100% ethanol followed by HMDS (Sigma) each for 15 min. The samples were then allowed to air dry for 24 h before imaging. Samples were sputter-coated for 12 s, resulting in a film thickness between 10-15 nm. Scanning electron micrographs were taken using a Hitachi S-3500 N at 5 kV acceleration voltage unless otherwise noted.
Assessment of hepatocyte function
Hepatocyte function was assessed by the traditional metrics of albumin secretion and urea production (n ¼ 6) across two independent experiments. For albumin secretion, medium was harvested at 24, 72, 120, and 168 h time points and stored at À208C until further analysis. Medium was replaced with hepatocyte growth medium containing 2 mM ammonia. Cells were incubated with ammonia-containing medium for 3 h at which point the medium was harvested and stored at À208C. Medium was then replaced with regular hepatocyte growth medium until the next time point. Albumin concentrations were measured by rat-specific albumin ELISA assay (Bethyl Laboratories, Montgomery, TX), and urea concentrations were measured by urea quantification assay (QuantiChrom; BioAssay Systems, Hayward, CA). Albumin secretion rates and urea synthesis rates were normalized by cell density.
Statistical methods
All graphical and tabulated data are displayed as mean AE SD. Significance tests to assess the effect of specific substrates for cell attachment, adherence, and spreading were conducted using an unpaired, nonparametric Kruskal-Wallis one-way ANOVA with Dunn's multiple comparison posttests (GraphPad Prism 4.0; GraphPad Software, San Diego, CA). The specific effect of nanotopography was also further analyzed by a two-tailed Student's t-test (Microsoft Excel, Redmond, WA). Significance tests to assess the effect of specific substrates on cell metabolism were conducted using a paired, nonparametric two-way ANOVA with Bonferroni posttests. Significance levels for all statistical methods were set at *p < 0.05, **p < 0.01, and ***p < 0.001.
Results
Nanofabricated elastomeric poly(ester amide) substrates
Silicon molds had pits of approximately 600 nm in diameter, 1200 nm in pitch, and 1000 AE 250 nm in height. The replica molding process designed for the fabrication of nanometer scale features produced substrates with high feature fidelity (Fig. 2) . The column features on these substrates have approximate dimensions of 400 nm at the tip and 600 nm at the base with feature heights of 1000 nm and a pitch of 1200 nm. These features appeared collapsed in the dehydrated state (Supplemental Fig. S1b , available online at www.liebertonline.com=ten), which is likely due to the combination of (1) van der Waals attraction, which is dominant on the nanometer length scale, and (2) the low mechanical modulus of APS elastomers, which cannot resist these forces. While this phenomenon has been observed in nanometer-scale features in other low-modulus substrate materials, 35, 36 highmodulus materials replica molded from these substrates have been shown to resist this collapsing. 37 Further, once the substrate is hydrated, the collapsing force is relieved and the pillars are restored to an ordered formation (Supplemental Fig. S1a , available online at www.liebertonline.com/ten). This ordering of features in the hydrated condition is also confirmed by microscopy of cell-seeded substrates (Supplemental Fig. S2 , available online at www.liebertonline.com/ten).
Poly(ester amide) elastomers support attachment and maintain native morphology of primary rat hepatocytes
Elastomeric poly(ester amides) supported the attachment and spreading of hepatocytes without the use of coating in serum-free conditions. The morphology of hepatocytes seeded on APS substrates was generally similar to that of hepatocytes cultured on collagen substrates (Fig. 3) . The morphology of hepatocytes cultured on PDMS substrates indicated a non-native morphology and poor spreading, as expected. PDMS substrates supported the attachment of a small number of hepatocytes with limited spreading as measured by a smaller projected surface area. Hepatocyte morphology appeared to be rounded, as determined by SEM. Further, there appeared to be protrusions extending from hepatocytes cultured on nanotopographic 2DAHP-1G substrates (Fig. 4, white arrows) . These cell components were also observed in hepatocytes cultured on flat 2DAHP-1T and collagen substrates (Fig. 4, white arrows) .
Nanotopographic poly(ester amide) elastomers enhance attachment and spreading Nanotopographic APS substrates were found to impact both the initial adhesion and spreading of primary hepatocytes (Fig. 5) . This effect was evident on both APS elastomers. In the 2DAHP-1G formulation, the relative initial attachment was increased from approximately 0.41 AE 0.11 to 0.55 AE 0.18 (*p < 0.05). A more dramatic increase was observed in the 2DAHP-1T formulation in which the relative attachment was increased from 0.51 AE 0.12 to 0.75 AE 0.22
FIG. 2. Replica-molded nanofabricated APS substrates.
Replica molding of both 2DAHP-1G (08 tilt) and 2DAHP-1T (458 tilt) formulations are able to reproduce nanometer-scale features with high fidelity. The column features on these substrates have approximate dimensions of 400 nm at the tip and 600 nm at the base with feature heights of 1000 nm and a pitch of 1200 nm. Note the collapsing of these structures upon each other in the dehydrated state. The ordering of these features is restored upon hydration. Scale bars represent 2 mm.
FIG. 3.
Phase contrast imaging of primary rat hepatocytes on nanofabricated APS substrates. The morphology of hepatocytes seeded on uncoated APS substrates in the absence of serum for 24 h appeared similar to that of collagen substrates. However, cells cultured on collagen substrates more readily organized into multicellular structures. Hepatocytes cultured on PDMS exhibited less cell attachment and a nonnative morphology. Scale bars represent 200 mm.
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(***p < 0.001). Nanotopographic surfaces also enhanced the spreading of hepatocytes on APS substrates as measured by the increase in projected cell area. The cell area of hepatocytes cultured on nanotopographic APS substrates versus flat APS substrates was increased by approximately 30% across both polymers. In the case of 2DAHP-1G and 2DAHP-1T, cell area of hepatocytes was increased from 1199 AE 112 to 1633 AE 108 mm 2 and from 1119 AE 81 to 1589 AE 79 mm 2 , respectively. The cell area of hepatocytes cultured on both flat substrates was significantly less than that of those cultured on collagen (***p < 0.001 for both 2DAHP-1G and 2DAHP-1T), while the cell area of hepatocytes cultured on both nanotopographic substrates was comparable to that of those cultured on collagen ( p > 0.05). In addition to enhanced attachment and spreading, nanotopographic APS substrates also enhanced adhesion of primary hepatocytes (Fig. 6) , which was determined by examining the relative cell densities after 120 h, which resulted in a series of six cumulative wash steps. Hepatocytes cultured on 2DAHP-1G Flat and 2DAHP-1T Flat substrates exhibited adhesion that was significantly less than that of those cultured on collagen substrates (**p < 0.01 and ***p < 0.001, respectively), while hepatocytes cultured on both nanotopographic substrates exhibited comparable adhesion to those cultured on collagen ( p > 0.05 for both substrates). The observed statistical similarities in spreading and adhesion between nanotopographic APS substrates and collagen substrates suggest that topography is an important component of recapitulating native ECM function in vitro.
Maintenance of liver function in hepatocytes cultured on poly(ester amide) elastomers
Liver-specific function of primary hepatocytes cultured on APS substrates was maintained, as assessed by albumin secretion and urea conversion (Fig. 7) . The normalized albumin secretion rate is reduced significantly from day 1 to day 7 in hepatocytes cultured on all substrates. This can be attributed to the characteristic reduction of liver-specific function of hepatocytes in vitro. Albumin secretion was increased significantly in 2DAHP-1T Flat versus 2DAHP-1T Nano
FIG. 4. Detailed morphology of cell-substrate interactions.
Hepatocytes cultured on all APS substrates exhibited a rounded morphology, while those cultured on PDMS and collagen substrates exhibited a more flattened morphology. Hepatocytes appear to have extended filopodia on nanotopographic 2DAHP-1G, flat 2DAHP-1T, and collagen substrates (see white arrows). Hepatocytes induced wrinkling of PDMS substrates (see white arrows and inset). Again, note the collapsing of the posts on the nanotopographic substrates due to van der Waals forces. Scale bars represent 2 mm.
FIG. 5.
Nanofabricated APS substrates improve initial attachment and increase spreading of primary hepatocytes. (A) Nanotopographic APS substrates increased the degree of initial hepatocyte attachment over flat APS substrate counterparts (normalized to collagen substrates). (B) A similar trend was found in the case of projected cell area, which serves as a metric for cell spreading. Significance levels (*p < 0.05 and ***p < 0.001) determined by two-tailed Student's t-test. The spreading of hepatocytes cultured on flat APS substrates was significantly reduced compared to hepatocytes cultured on collagen (***p < 0.001 for both 2DAHP-1G and 2DAHP-1T). Further, the spreading of hepatocytes on nanotopographic APS substrates was observed to be comparable to collagen ( p > 0.05 for both 2DAHP-1G and 2DAHP-1T).
substrates at day 3 (**p < 0.01). There were no significant differences between nanotopographic and flat substrates for the 2DAHP-1G elastomer. In general, the normalized rate of albumin secretion was reduced with time regardless of substrate. Albumin secretion rates, while initially having a wide range of values, appeared to converge between 2 and 6 mg=(10 6 cells Á 24 h) in hepatocytes cultured on all studied substrates. Hepatocytes cultured on 2DAHP-1G exhibited the highest initial rate of albumin secretion regardless of the topographical condition. However, by 168 h, it appeared that hepatocytes cultured on flat APS substrates had higher albumin production than those cultured on nanotopographic APS substrates, PDMS, and collagen. Urea conversion was generally higher in hepatocytes cultured on flat APS substrates across all time points. The normalized urea synthesis rate remained relatively stable across the entirety of the experiment. Urea synthesis rates were found to be elevated in hepatocytes cultured on 2DAHP-1T Flat versus 2DAHP-1T Nano substrates (***p < 0.001). This differential effect was observed across all time points. A similar increase in urea synthesis was observed in hepatocytes cultured on 2DAHP-1G Flat versus 2DAHP-1G Nano substrates at day 3 (**p < 0.01). Surprisingly, collagen substrates induced the lowest specific rate of urea conversion at 120 and 168 h.
Discussion
Synergetic effect of nanotopography on attachment, adhesion, and spreading This work was designed to combine chemical, mechanical, and topographical components of native ECM proteins in a synthetic biodegradable polymeric substrate for use in biomedical applications. APS poly(ester amide) elastomers were chosen as a platform material because they contain amide bonds and free amines, 32 chemical moieties that are prevalent in native proteins. 28 The mechanical properties of APS elastomers, which exhibit Young's moduli ranging from approximately 1.4 to 4.3 MPa, are similar to that of amorphous collagen, which has a Young's modulus of approximately 1 MPa. 38 This polymer was enhanced with nanofabricated topographical features as another aspect to FIG. 6. Nanotopography increases the adhesion of primary hepatocytes. Nanotopographic substrates increased the relative adhesion of hepatocytes to APS substrates. The nanotopographic 2DAHP-1G formulation exhibited a higher amount of relative adhesion than collagen substrates. Significance levels (***p < 0.001) determined by two-tailed Student's t-test. Similar trends observed in spreading were also observed in the adhesion of hepatocytes, with respect to the effect of nanotopography. Namely, the adhesion of hepatocytes cultured on flat APS substrates was significantly reduced compared to hepatocytes cultured on collagen (**p < 0.01 for 2DAHP-1G and ***p < 0.001 for 2DAHP-1T). Further, the adhesion of hepatocytes on nanotopographic APS substrates was observed to be comparable to collagen ( p > 0.05 for both 2DAHP-1G and 2DAHP-1T).
FIG. 7.
Specific hepatocyte function is maintained in cells cultured on APS polymer substrates. (A) The normalized albumin secretion rate is reduced significantly from day 1 to day 7 in hepatocytes cultured on all substrates. This can be attributed to the characteristic reduction of liver-specific function of hepatocytes in vitro. Albumin secretion was increased significantly in 2DAHP-1T Flat versus 2DAHP-1T Nano substrates at day 3 (**p < 0.01) as determined by twoway ANOVA with Bonferroni posttests (see Statistical methods section). There were no significant differences between nanotopographic and flat substrates for the 2DAHP-1G elastomer. (B) The normalized urea synthesis rate remained relatively stable across the entirety of the experiment. Urea synthesis rates were found to be elevated in hepatocytes cultured on 2DAHP-1T Flat versus 2DAHP-1T Nano substrates (***p < 0.001). This differential effect was observed across all time points. A similar increase in urea synthesis was observed in hepatocytes cultured on 2DAHP-1G Flat versus 2DAHP-1G Nano substrates at day 3. However, this effect was significant at day 3 (**p < 0.01). mimic the properties of native collagen to improve cellbiomaterial interactions. Primary hepatocytes, one of the most difficult cell phenotypes to grow in vitro, were chosen as the model cell type to validate our nanofabricated, biomimetic polymeric substrates. It is known that the biophysical properties of substrates can drastically reduce the genotype and phenotype of hepatocytes. 39 Although the physicochemical nature of APS elastomers alone promoted favorable cell-biomaterial interactions with hepatocytes, the addition of nanometer scale topography led to enhanced attachment, spreading, and adhesion. This result has been corroborated in other cell types, including bladder smooth muscle cells 40 and corneal epithelial cells. 41 The added effect of topography enabled the robust attachment of hepatocytes to a similar degree of collagen in terms of cell retention (Fig. 5) . The attachment and adhesion of a nonnegligible density of hepatocytes to PDMS was not unexpected as other systems have utilized PDMS for the culture of hepatocyte cell lines. 42 Similarly, plasma treating with oxygen has been shown to permanently reduce the water-in-air contact angle from 1138 to 978, which could leave to subsequent improvement in attachment. 43 The observed high retention of hepatocytes on these surfaces suggests that the limited numbers of cells attached to these surfaces are tightly bound. SEM micrographs indicate wrinkling at the surface, which is indicative of strong traction forces exerted by the cell on the PDMS substrate (Fig. 4) . This wrinkling artifact was not observed on any other substrate, including the flat APS or collagen substrates.
Effect of nanotopography on liver-specific function of hepatocytes
While increasing adhesion is beneficial for some cell phenotypes, it is known that increasing the adhesion of hepatocytes is sometimes counter productive with respect to the effects on liver-specific function. 44 Namely, when hepatocytes adhere to substrates and are tightly bound, there is an increase in spreading and a corresponding reduction in hepatocyte function. The corresponding increase in adhesion of hepatocytes on ECM substrates [44] [45] [46] [47] induces a reduction in liver-specific function. 48 Conversely, hepatocytes maintain liver-specific function when cultured in loosely adhered medium such as gels. 44, [49] [50] [51] The results of this study corroborate with these previous studies in the context of nanotopography. Namely, the increase in hepatocyte adhesion due to nanotopography simultaneously reduces the efficiency of liver function. A similar trend is observed in the case of collagen substrates in which increased attachment, adhesion, and spreading correlate negatively with liverspecific function. In this sense, the nanofabricated synthetic APS elastomeric substrates induce hepatocyte behavior and function that trends toward that of native collagen, with respect to substrates that are physically and chemically identical, yet lack nanotopographic features.
Synthetic biomaterials that mimic the properties of native ECM molecules have a large potential for utilization in a variety of medical applications. Nanotopographic APS substrates could be used as a substrate that is able to serve as a synthetic ECM for applications, where reducing batch-tobatch variation is important. Further, this synthetic ECM can be utilized for tissue engineering applications. As previously mentioned, the use of xenografts based on natural ECM protein scaffolds or matrices can lead to serious, detrimental immune responses. Synthetic polymers that can function in a similar mode to ECM proteins could provide a material platform for scaffold fabrication, which could dramatically reduce the likelihood of a negative immune response upon implantation.
APS substrates demonstrated in vitro biocompatibility with primary hepatocytes by supporting attachment, adhesion, native-like morphology, and liver-specific function. APS substrates modified with replica-molded nanotopography demonstrated increased attachment, spreading, and adhesion across two polymer formulations tested. The observed increase in adhesion resulted in a corresponding reduction of liver-specific cell function. A similar trend was observed in hepatocytes cultured on collagen substrates in which increased attachment and adhesion was reciprocated by reduced albumin synthesis and urea conversion. This consistent trend observed across synthetic nanotopographic elastomeric APS substrates and collagen suggests that synthetic substrates with nanotopographic features better mimic the properties of native collagen with respect to eliciting desirable cell-biomaterial interactions.
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